Die Prognose von Patientinnen mit Brustkrebs wurde durch Fortschritte bei der adjuvanten Therapie an sich besser, wobei sowohl in der Behandlung mit Hormonantagonisten als auch in der zytostatischen Therapie NonResponders häufig vorkommen. In der Literatur finden sich Hinweise auf mögliche biologische Ursachen für variable Wirksamkeit. Dementsprechend könnten folgende Biomarker wegen ihres potentiellen prädiktiven Aussagewerts für den Erfolg adjuvanter Therapie ausschlaggebend sein: i) Überexpression des epidermalen Wachstumsfaktorrezeptors, die invers mit Tumorempfindlichkeit für Östrogenantagonisten korreliert; ii) die Effluxpumpen P-Glykoprotein und ABCC3 sowie das Adaptorprotein GAB2, die die Wirkung von Taxan-Zytostatika in HER2-positivem Brustkrebs beeinflussen; (iii) das CYP2D6 Gen, durch dessen Typisierung Tamoxifen-NonResponders identifiziert werden können. Im Übrigen sind genetische Polymorphismen mit Bedeutung für die pharmakokinetischen Eigenschaften von Hormonantagonisten bzw. Zytostatika nicht bekannt. Individuelle Genotypen vermögen aber Effekt und Toxizität einzelner Zytostatika (z.B. von Doxorubicin) zu steigern, wobei dieser wie auch die oben erwähnten Befunde erst in prospektiven, randomisierten Studien validiert werden müssen.
Introduction
Breast cancer is the most prevalent malignant tumor in women. Along with the introduction of new therapies and advances in diagnostics, mortality is declining, while the incidence has been on the rise: The rate of newly diagnosed diseases increased by 3% during the past decade; refraining from hormone replacement therapy in postmenopausal women will probably stop the trend [1] . A major therapeutic advance is in slowing tumor recurrence using adjuvant treatment. To assist physicians in predicting the treatment response, a scientific focus has been directed at the generation and evaluation of biomarkers (e.g. measuring hormone and growth factor receptors in tumor tissue). Since DNA sequencing has been established as a routine laboratory procedure, genetic variables that could impinge on the treatment response are being assessed. Pharmacogenetics and pharmacogenomics both refer to the grounds of interindividual differences in drug efficacy and tolerability. Pharmacogenetics mostly encompasses genetically determined differences in uptake, distribution, and disposal of a drug; pharmacogenomics strives to account for differences in drug response by correlating it to the expression of drug targets. The goal is to minimize the risk of side effects, and to identify patients with intrinsic resistance to commonly prescribed drugs so that an alternative drug can be selected. In principle, breast cancer is amenable to pharmacogenomic testing; many genetic variants within the tumor are stable since most tumor DNA was found to be the germline DNA of the patient [2] . Thus, treatment-predictive traits should also reside in the individual germline genome.
Drugs Commonly Used in Adjuvant Therapy

Cytostatic Drugs
The use of adjuvant therapy, i.e. systemic therapy after local management of breast cancer, substantially improves survival in patients who are at risk of relapse. In adjuvant chemotherapy, most comparisons show little difference between regimens (commonly employed cytostatic drugs are given in table 1). Advantages have been reported for regimens containing the anthracycline doxorubicin as well as for the subsequent use of taxanes (paclitaxel and docetaxel) following treatment with doxorubicin/cyclophosphamide. Table 1 shows that genetic polymorphisms impinge on effect and tolerability of cytostatic drugs. Of note, genetic differences hardly affect pharmacokinetics; they rather seem to direct the drug effect. This is obvious in the case of 5-fluorouracil (5-FU) and methotrexate (MTX) where the cellular effect is linked to the enzymatic activity of the identified gene products. The cellular action of anthracyclines has long been suggested to rely on the formation of reactive oxygen species, and the role of the implicated oxidases possibly is in their detoxification. The variability in anthracycline and taxane sensitivity due to genotype-dependent activity of NAD(P)H oxidases and a CYP1B1 polymorphism (CYP1B1 is involved in mammary estrogen metabolism), respectively, needs to be confirmed.
Drugs Used to Block the Effect of Estrogen
Aromatase inhibitors, the selective estrogen receptor modulators (SERMs), and the pure estrogen antagonist fulvestrant are subject to metabolic degradation; elimination of the active compounds has been shown to be independent of kidney function. Because of an extended residency time and a rather large volume of distribution, steady-state plasma levels are achieved with delay (table 2 ). It appears unsettling that the SERM raloxifene has been described as an irreversible inhibitor of the 3A isoforms of the CYP450-dependent monooxygenases (CYP 3A4/5), which might suggest the potential of deleterious drug interactions with other CYP3A substrates (e.g. lipid lowering agents). However, we found only 1 case report suggestive of a pharmacokinetic drug interaction [3] . The reason that raloxifene apparently has not caused more incidents of harmful interaction is likely due to the high concentrations required for CYP450 blockage (> 1 μmol/l) relative to the ambient plasma concentration (< 1 nmol/l). The SERM tamoxifen is converted into active metabolites. The conversion requires CYP3A4/5 (demethy lation) and CYP2D6 (hydroxylation) to give 4-hydroxy-N-desmethyl-tamoxifen (endoxifen). While both metabolites have more than 10-fold higher potency than tamoxifen to suppress estrogen-mediated actions, only endoxifen accumulates to high levels in the body. It is therefore believed that endoxifen represents the active principle of tamoxifen. CYP2D6 is an example of a highly polymorphic gene. The different alleles can combine to result in variable enzymatic activities ranging from none to very high [4] . Very likely, the consequences of the CYP2D6 gene polymorphism bear out on the efficacy of tamoxifen in suppressing disease progression in breast cancer patients indicating that CYP2D6 is crucial in tamoxifen biotransformation [5, 6] . Thus, genotyping the CYP2D6 alleles to identify individuals that have no enzymatic CYP2D6 activity may be useful in avoiding tamoxifen treatment failure. Along the same line, concomitant use of drugs that inhibit CYP2D6 activity should be avoided (table 3) [7] . There is little doubt that several if not all of the anti-estrogen drugs have reduced levels if taken concurrently with compounds that induce CYP450-dependent enzymatic processes (such as rifampicin, carbamazepine, phenytoin, nevirapin); hence their effectiveness becomes uncertain, and this has also to be suspected for tamoxifen.
Resistance to Tamoxifen Treatment
The traditional mainstay of antihormonal therapy is tamoxifen, an estrogen antagonist that binds to both nuclear estro- gen receptor (ER) subtypes and in some tissues exerts estrogen-like effects. Although aromatase inhibitors have a somewhat improved efficacy and although there are fewer adverse events in postmenopausal women (risk of venous thromboembolism and endometrial cancer), tamoxifen is still the antihormonal treatment of choice in premenopausal patients who apparently evade the increased risk of endometrial cancer or blood clots [8, 9] . Despite the benefit of tamoxifen in patients with all stages of ER-positive breast cancer, a major obstacle to its use is treatment resistance which either occurs de novo or is later acquired after initial benefit. However, we are at a loss to predict the individual risk of intrinsic or acquired tamoxifen resistance in patients with ER-positive cancers (approximately 20% with ER + /progesterone receptor (PR) + tumors and approximately 60% with ER + /PR -tumors) -with the exception of a risk due to the inability to metabolize tamoxifen (see above). [52] 40 days (> 100 l/kg) [52] ( = 3-6 months) administration CYP = Cytochrome P450-dependent monooxgenase or encoding gene; UGT = UDP-glucuronyl transferase. Thurner/Nanoff
Evidence for a Specific Effect of Growth Factor Receptors in Tamoxifen Resistance
There are a number of concepts to account for the cellular mechanism leading to tamoxifen resistance [10] : i) ER hypersensitivity that is an ER not inhibited but activated by tamoxifen; ii) overexpression of growth factor receptors; iii) enhanced activity of protein kinases that are constituents of signaling pathways (ERK1/2, AKT, Src); and iv) deregulated expression of components controlling the cell cycle (cyclins D and E; p21, p27). These putative risk factors have been identified in recurrent cancers and/or by reconstituting tamoxifen resistance through genetic engineering of cancer cells in vitro. A fundamental problem is to distinguish alterations that are causative in initiating resistance from those that represent a selective growth advantage in an a priori resistant cell. It may be misleading to claim importance for a risk factor suggesting it may be used as a clinical marker if it belongs to the phenotype of a cancer cell that has originated from a malignant clone. Rather, any genetic or protein expression signature needs to be validated in a prospective trial possibly within the adjuvant setting. It has long been suggested that high levels of growth factor receptors, specifically epidermal growth factor receptor (EGFR; ErbB1/HER1), are predictive for tamoxifen resistance. The EGFR family comprises among others ErbB1/ EGFR and ErbB2 (HER2/neu). Receptor activation promotes mitogenic signaling through Ras/ERK and possibly other kinases, thus increasing the cell proliferation rate. The argument for an important role in tamoxifen resistance is that growth factor receptor signaling can induce ER hypersensitivity (via ER phosphorylation or by regulating transcriptional coactivators such as AIB1) [11] . While ErbB2/HER2 is established as pharmacogenomic marker in breast cancer, measuring EGFR has met with technical difficulties and its use as a marker was considered problematic. Recently, an assessment of EGFR expression has been carried out in tumor tissue from patients enrolled in a long-term clinical trial of tamoxifen efficacy. The results substantiated the assumption that EGFR expression is associated with tamoxifen resistance [12] . The significance of the finding however needs to be confirmed.
Role of a Hypersensitive Estrogen Receptor in Promoting Malignancy
While it is clear that growth factor signaling can stimulate cell proliferation in breast cancer, it may lead to additional effects that require ER expression. Firstly, a hypersensitive ER may interfere with breast cancer recognition by immune cells [13] , and secondly, growth factors can enhance the ability of a tumor to form blood vessels. The arguments supporting the latter are summarized as follows: i) growth factor receptors are known to mediate induction of the angiogenic vascular endothelial growth factor (VEGF) in cells from various tumors [14, 15] including breast cancer [16] ; ii) there is a correlation between VEGF expression and microvessel density in primary breast cancer sections [17] ; iii) estradiol or tamoxifen can increase VEGF mRNA and protein expression [18] , and estrogen deprivation has been shown to reduce vascularization of breast cancer xenografts [19] ; a VEGF increase due to tamoxifen was also detected in the blood of breast cancer patients suggesting that a hypersensitive ER is involved [20] ; iv) if VEGF-mediated angiogenesis were important for the progression of breast cancer, anti-VEGF treatment should be effective in controlling the disease; this seems to be the case [21] . The purported mechanisms by which ER hypersensitivity can confer tamoxifen resistance also highlight the risks associated with hormone replacement therapy; the foremost effect of exogenous estradiol will be in promoting latent cancer if a hypersensitive ER is indeed relevant for progression of the disease. The reported decrease in breast cancer incidence following a fall in the use of hormone replacement therapy is an expected corollary [1] . Conversely, the clinical effectiveness of reducing estrogen synthesis by use of aromatase inhibitors further supports the concept that a hypersensitive receptor can be activated by weak stimuli such as low postmenopausal estrogen levels. Aromatase inhibitors suppress breast cancer progressing under tamoxifen; however many patients do not respond. While resistance to aromatase inhibitors may rest on similar cellular alterations as tamoxifen resistance (growth factor signaling, hypersensitive ER), additional characteristics are not clear [22] . [54] (antifungal) bupropion [55] ticlopidin (platelet inhibitor) 
Variable Resistance of HER2-Positive Breast Cancer to Treatment with Taxanes
In 2007, a retrospective analysis of 1,500 women with nodepositive breast cancer showed that amplification of HER2 was associated with enhanced clinical benefit from the addition of paclitaxel after adjuvant treatment with doxorubicin [23] . The clinical evidence [24] is in conflict with a number of preclinical studies indicating that HER2-positive cancer is mostly resistant to taxanes. When cell culture tests were aimed at assessing proliferation rate/apoptosis, the results indicated an inverse correlation between HER2 and the outcome of taxane treatment.
The taxanes in clinical use (paclitaxel, docetaxel) stabilize tubulin polymers by directly attaching to tubulin and inhibit the dynamic assembly/disassembly of microtubules. In vitro, HER2 overexpression confers increased resistance to paclitaxel in breast cancer cells, while HER2 degradation increases docetaxel-induced apoptosis (for review see [25] ; the patients reported in the analysis by Hayes et al. [23] had not received therapeutics interfering with HER2). While a few mechanisms have been suggested, taxane resistance has been mainly attributed to the presence of drug efflux pumps in breast cancer cells, which are the mdr-1-encoded P-glycoprotein (p170mdr-1) and the ABCC3 gene product [26] .
Heightened Sensitivity to Taxane Treatment of HER2-Positive Breast Cancer
By contrast, it is unclear how breast cancer positive for HER2 can be more sensitive to the effect of taxanes than HER2-negative tumors. The discrepancy may be in accordance with the notion that breast cancer -even relatively well-defined subtypes such as HER2-positive breast cancer -harbors significant genetic heterogeneity. The heterogeneity is reflected in the clinical analysis; a significant fraction of women with HER2-positive tumors failed to show a survival benefit, suggesting that a proportion of the tumors were resistant to paclitaxel. We considered the fact that inhibition of microtubules may damage other functions than mitotic spindle formation (in general, microtubules are important in positioning intracellular membranous structures) to explain increased taxane sensitivity in HER2-overexpressing breast cancer. It may be suggested -based on the following findings -that taxanes specifically block tumor invasiveness: i) the invasiveness of breast cancer cells is enhanced by HER2-overexpression [27] ; the invasive potential can be traced back by genetic engineering to a link between HER2 and the cellular ability to form microtubular structures [28] ; ii) in principle, a cancer cell becomes resistant to taxanes if microtubule formation is less stable an event; conversely, restoring microtubule stability confers taxane sensitivity [29] ; iii) while obviously necessary, the ability of HER2 to coordinate microtubule assembly however is not sufficient to account for malignant invasiveness; the invasive potential may be variable depending on the expression level of the GAB2 adaptor protein; overexpression of GAB2 in HER2-positive breast cancer cells is predictive of invasiveness [30] ; iv) microarray analyses identified GAB2 within a group of genes whose expression was correlated to lymph node involvement in breast cancer patients [31] . Based on the current evidence, GAB2 expression in HER2-positive breast cancer may represent an additional independent pharmacogenomic marker for taxane sensitivity whereas P-glycoprotein and ABCC3 efflux pumps would indicate resistance. Establishing these as well as related genetic signatures requires additional prospective randomized trials.
